Introduction
N A important question in the study of aging concerns the rate at which people physically deteriorate with age. How much, for example, can be physically expected of, say, a healthy, non-injured 75-year-old man or women relative to what he or she could do at age 45? Policies on aging should obviously depend on the rate at which deterioration occurs. If, for example, the rate remains small into fairly old age, then policies designed to keep people physically fit will have more payoff than if the rate increases rapidly with age. The size of the rate is also relevant for retirement policies. The smaller the rate, the less emphasis should probably be placed on plans to have people retire earlier than they would otherwise want to. The size of the rate may also be relevant for the question of how wage rates should change with age. This paper applies econometric techniques to data on men's track and field and road racing records by age to estimate the rate at which men slow down with age. Eight track, eight field, and eleven road racing events are considered. The track events range from 100 meters to 10,000 meters, and the road racing events range from &pyrisht Q 1994 5 kilometers to the marathon. The field events are the high jump, pole vault, long jump, triple jump, shot put (16 pounds), discus throw (2 kilograms), hammer throw (16 pounds), and javelin throw (800 grams). The main econometric technique used is a combination of the polynomialspline method and the frontier-function method.
Sections II-V consider the track and road racing events. Section 11 discusses the methodology that was followed, and section III presents the estimation results. Section IV compares the agefactors published in Masfers Age-Graded Tables  (MAGT) with the age-factors implied by this study. It will be seen that the MAGT age-factors seem to be excessively variable and to be biased against older runners. Table 3 presents the age-'factors implied by this study. Section V provides a brief comparison of the present results to results in the physiological literature. Section VI presents the results for the field events, and table 5 presents the age-factors for the field events implied by this study.
II. The Methodology AsWnlptti
For a given track or road racing event, let Q* denote the log of the time of a runner of age k in the race. For all runners of a given age, the theoretical frequency distribution for qr probably looks something like that depicted in figure 1. Tbe lower bound, b,, is the fastest time that could ever be run by a runner of age k. Think of b, as the biological limit of runners of age k, given perfect race conditions (but no tail winds allowed) and the use of the best training methods and equipment possible (but no performance enhancing drugs allowed). The median of Ihe distribution is m,, and the upper bound is uI.l This paper focuses on b,, the lower bound for runners of age k. The key assumption of thii study is that bk when plotted against k looks iike ' If nmners are ittcbtdcd in the population who do not finish the race, then ut might be catridered to be ittfinitc. This paper dots not use u* in the anaiysis, and so it does not matter here what is sJsut,,ed about u*.
I 103 I that depicted in figure 2. (Remember that times are measured in logs, so the rates of change are percentage rates of change.) bk is assumed to be infinite for small babies, to fall to some minimum at age k,, to stay at this minimum to age k,, and then to begin to rise. After b, begins to rise (at k,), the rate of slowing down is assumed to be constant through age k, and then to begin to rise. k* in the figure is the oldest age at which anyone could finish the race.
The purpose of this paper is to estimate the function in figure 2 from some time after age k, on. The starting age used in the empirical work is 35, which means that k, is assumed to be less than or equal to 35. k, need not be equal to 35. If it is less than 35, this just means that the sample used in this paper picks up the lie sometime after k,.
The functional form in figure 2 is assumed in the empirical.work to be linear between k, and k, and quadratic after that. At k,, the linear and quadratic curves are assumed to touch and to have the same first derivative. The specification is
with the restrictions (I~ = u, + ask: a4 = % -2n5k,.
(2) The two restrictions force the curves to touch and to have the same first derivative at k,.' The unrestricted parameters to be estimated are a,, as, us, and k,.
It should be stressed that there is no theoretical reason for expecting the curve in figure 2 to be linear between k, and k, and quadratic after that. This study is primarily a curve fitting exercise. After some experimentation, it turned out that the assumption that the curve is linear between k, and k, and quadratic after that seemed to be adequate for fitting the data fairly well. Note that k, is estimated along with the other parameter, and so the data are allowed to decide where the switch from linear to quadratic occurs. If, for example, the curve was in truth quadratic from k, on, the estimate of k, would likely be very close to k, (which, as noted above, is taken to be 35 here).
In the initial experhnentation, three other functional forms were tried. First, the quadratic in (1) was replaced with b, = a3 + u,/(k -a,) for k > k,. The use of this form did not generally lead to as good fits as did the quadratic, and the curvature seemed too extreme at the top ages. Second, the quadratic was made more general by replacing the exponent 2 with a coefficient (06) to be estimated: bk = a3 + a,k + a,k"r. This allows the cumture to be either more or less extreme than that implied by the quadratic. Thii did not work because the estimates of or and o6 were too collinear for any mntidence to be placed on the rest&s. The estimates of o6 were generally around 2, with large estimated standard errors. Finally, two linear segments were allowed before the quadratic took over, one between k, HOW FAST DO OLD MEN SLOW DOWN? 10s and k, and one between k, and, say, k,. The two linear segments were restricted to touch at k,, and both k, and k, were estimated. This specification did not work for the individual events because the estimates were too collinear, but estimates were obtained for the pooled regression. The results for the pooled regression are reported below. It will be seen that the added generality of two linear segments had only a minor effect on the overall results.
The Data
The track data are from Masters Age Records for 1990, and the road racing data are from TACSTATS/USA. The track data give the current world record by age for each event. The road racing data give the current best time by an American for each event. (Data on world records by age are not yet available for road racing.) Let r, denote the fog of the observed record time for age k for a given event, and let l L denote the difference behveen r, and the unobserved b,. rt cm thus be written:
tl is the measurement error for r,.
In principle l ~ can be either negative or positive, although negative measurement error does not seem likely. Two possible reasons for negative measurement error are (1) the true distance of the race is shorter than the stated distance, and (2) the time is recorded too low. These kinds of errors are likely to be small because the races and records are monitored closely.
The story is different, however, regarding positive measurement error. The relevant question to consider is how many races for a given event have to be run by runners of age k before r, becomas a good estimate of b,? Let Nk denote the (unobserved) number of men age k who have run the particular event in question up to the current time. If Nk is in the millions, as it may be for runners in their 30s and 4Os, there is probably a good chance that one has sampled close to the theoretical lower bound. If, on the other hand, Nx is only in the thousands or tens of thousands, as it probably is for very old runners, one is not likely to have sampled close to the lower bound. In fact, it is commonly stated that there are now many more runners, say, age SO than there used to be, and as these runners age, the age records are likely to fall considerably. In 1989, nine age records in the 100 meters were broken, six of these for ages over 80. Eleven age records in the 10,000 meters were broken, seven of these for ages over 60. Results for other events are similar.3 T'he large number of records broken in a single year indicates that the lower bound is far from being observed for many ages. This problem of not having a large enough sample at the higher ages to get a good estimate of the lower bound will be called the "small Nk" problem.4 Put another way, this problem is simply an order-statistic sampling problem.
Two adjustments were made in the data to try to account for the small N* problem. First, the key assumption of this study is that after age k,, b, is greater than b,_( for i positive (men slow down with age). Given this assumption, if r, is greater than rXti for any positive i, r, must have a relatively large positive measurement error *ssociated with it. Observations of this kind, where the time for a given age is greater than the time for some older age, were not used.
Sewnd, observations at very high ages werr not used. The ages not used were always over 78 and in most cases over 81. The highest age used was 89, for 100 meters. An age cutoff was made at the point where there was a large increase in the record time from one age to the next relative to the sizes of the previous increases. In discarding observations above the cutoff it is implicitly assumed that the slow times are due to the small Nk problem and not to the fact that there is achtaily a large jump at that age. In other words, the problem is assumed to be a sampling problem, not a biological characteristic.
These two adjustments may not be enough to completely eliminate the small Nk problem, and so the following results may be biased in the sense of overestimating the slowdown rate, especially at the older ages. An interesting question for future research is whether more can be done with the current data to tly to adjust for the small NI problem. It is the case, for example, that Nk is likely to be a decreasing function of k and that cc is a decreasing function of Nk. Therefore, E~ is likely to be an increasing function of k. The approach taken in this study in dealing with this problem is simply to truncate the sample at the point where the size of the effect of k on e* appears to become large. An alternative approach would be to parameterixe the function relating k to cI (say l l =_7, + yZk + y,k2 for k greater than some value k), add this to (3). aEd try to estimate the new parameters (7,, y2, y3, k) along with the others. The data may not be good enough to allow anything sensible to come out of this, but it is a possible area for further research.
Another possible approach is the following. Denote the density function in figure 1 for a given age k as f(q*.0,), where qk is the log of the time in the event of an individual of age k and 8, is a vector of parameters. Let qpl" denote the minimum value of qk in a sample of sixe N*. qy is an order statistic, and let g(q,n'", t 8 , Nkl denote its density function. The functional form of g depends, of course, on the functional form of f. The data used in this study are observations on qp for k 35 and over. Gii (1) observations on qp", (2) an assumption about the functional form of f, (3) a parameterization of the elements of 8, as functions of k, and (4) values for Nk or a parameterization of Nk as a function of k, one could estimate the parameters by maximum likelihood. Again, the data may not be good enough to allow sensible estimates to be obtained using this approach, but it is another possible area for further research.
Until further work is done, the present results should be interpreted with caution. If the same estimation is done ten or twenty years hence, it is lily that the estimated slowdown rates will be smaller than the currently estimated rates. Whether they will be only slightly smaller or a lot smaller is an important open question.
Note finally that if all ages are getting better over time (say because of better nutrition, better training methods, or better equipment), this will not affect the estimated slowdown rates as long as all ages are getting better at the same rate. Progress like this will affect the estimated slowdown rates only if it differentially affects the various ages. There are four parameters to estimate, al. +, u5, and k,, where it should he remembered that d, is a function of k,. K is the oldest age in the sample period. There are age gaps in the sample period because of the exclusion of observations with dominated times. Let i* be the predicted value of r, from equation (4) for a particular set of coefficient estimates. The main interest in this study is in the derivative of ?* with respect to k. This derivative is
where a hat over a coefficient denotes its estimate. This derivative is not a function of the estimate of the constant term ul in (4), and so the size of the mnstant term is not of direct concern here. Equation (4) pertains to a particular event. If one is willing to assume that ~1~. as, and k, are the same across events, then the data on the different events can be pooled and more efficient estimates obtained. It does not seem unreasonable that the derivatives are the same at least for events close to each other in distance. When the data are pooled, different constant terms are needed for each event, since these obviously vary with distance. When the data were pooled for the results below, the following equation was estimated (n is the number of events pooled):
where rik is the log of the observed record for event i and age k, Djit is a dummy variable that is equal to one when event i is equal to j and zero otherwise (j = 1,. . , n), di, = 1 if k s k, and di, = 0 if k > k,, cik is the measurement error for event i and age k, and K, is the oldest age used for event i. Again, there arc age gaps in the sample period for a given event because of the exclusion of dominated observations. The n jSi coefficients in equation (6) are the n different constant terms. Return now to the estimation of equation 14). Since positive measurement error for rk is more Iikely than negative measurement error, the mean of elr is Iikely to be positive. If there is no negative measurement error at all, then l L 2 0 for all k. A positive mean for ex poses no @rob-Iem in the estimation of equation (4) because the positive mean is merely absorbed in the estimate of the constant term. If the mean of l L is g, define e; = Ed -Z, where e; has mean zero. Equation (4) can then be rewritten with e: replacing eL and the constant term changed from o, to a, + Z. In this case a, is not identified, but this is of no concern here because the derivatives do not depend on (I,. One can thus estimate (41 by nonlinear least squares in the usual way. This estimation procedure will be called the NLS procedure.
There is, however, another estimation method that is of interest to consider. Under the assumption that c* 2 0 for all k, equation (4) can be estimated under the restriction that all estimated residuals are non-negative. This procedure is common in the estimation of frontier production fimctions-see, for example, Aigner and Chu @6&?) and Schmidt (1976) . The one added complication here is that equation (4) is nonlinear in coefficients. For Iinear equations the estimation problem can be set up as a quadratic programming problem and solved by standard methods, but for nonlinear equations some other procedure must be found.
The procedure used for the results below is the following. In the standard case the coefficients in equation (4) are estimated by minimizing the sum of squared residuals X~_s&. Instead, one can . . .
. mmmuze a wetghted sum Z:,"_,A& where A, is equal to 1 if & r 0 and is equal to a number greater than one if ZI < 0. This penahis negative errors more than non-negative ones. For the work below a value of 1OQ was used for A, when tx was less than zero. This was large enough to make nearly all the estimated residuals non-negative at the optimum.5 This estimation procedure will be called the "frontier" procedure. it turns out, as will be seen below, that the use of the frontier procedure instead of the NLS procedure has only a small effect on the estimated slope coefficients and thus on the estimated derivatives. The use of the frontier procedure primarily affects the estimate of the constant term, which is not of concern here. An attempt was also made to estimate the parameters of (4) under the assumption that et follows a gamma distribution, as discussed in Greene (1980) . The use of this distribution has the advantage of allowing the statistical properties of the maximum likelihood estimator to be readily obtained, which the procedure discussed above does not. It also accommodates quite flexible shapes of the error distributions. Unfortunately, sensible results could not be obtained following this approach. The estimates of the hvo distribution parameters (P and A in Greene's (1980) notation) were usually not sensible, and convergence was hard to obtain. It would be interesting to see in future work if this approach could be made to work, but the effort so far (which was considerable) was not successful.
III. Results

NLS Estimates
The results of estimating the equation for each event by itself are presented first in meter8 and 5K.s For 10,fKlO meters there is a small estimate of qs, which means that the derivatives grow vary siowiy with age. For 5K the opposite is true. Note in particuiar that 10,000 meters is quite different from 1OK even though it is the same distance, and Iihawise for SK and 5,000 meters. It may be that the 10,005 meter and 5K results refiect considerable measurement er-MI, given that they are so different from the rest, The other two events that have somewhat diiferent results are 30K and 25 miles. These both have slightly larger estimates of (1s than the events between 400 meters and the half marathon escept for 3005 meters. Two things could be soing on here. First, it may be that at roughly the 30K distance, the siowdown rate at a given age be@ to increase, and this is what the estimates are pithing up. Second, the results may be unreliable. The 30K and 20 mile avents are not as popular as the others, and so there is more of a potential small Nk pmblem here. The potential small Nk problem aiso reveais itself in the fact that the samples are small for these hvo awns (12 and 11 obsetvations, respectively). The samples are small because many of the records were dominated by records at older ages and so were discarded. The high number of dominated racords probably indicates a small Nk problem. It is thus an open question as to whether the 3OK and 20 mile results are capturing an increase in the siowdown rate at a given age across distances or are simply due to a small sample problem.
The remaining five track events (400 meters through 5,ooO meters) and five road racing events (10K through the half marathon) give similar results. There is no evidence of anything varying in a systematic way across distances. The implied derivatives at age 60 across the fen distances are in remarkably close agreement; the range is only 0.0100 at 10 miles and 20K to 0.0114 at 3000 meters. There is more variation in the estimates of a:2, where the range is 0.0042 at the half marathon to 0.0087 at SO00 meters. The range at age 7.5 is 0.0134 at 10 miles to 0.0186 at 3000 meters, and the range at age 95 is 0.0180 at 10 miles to 0.0281 at 3000 m+rs. The estimated standard errors for GE, and k, are fairly large for some events.
Given that no systematic variation across distances is evident in the ten events, it seems sensible to pool them to obtain more efficient estimates. The results of doing this are reported in lime 18 in table 1. The estimate of n2 is 0.0069, with an estimated standard error of 0.0006, and the estimate of k, is 47.7, with an estimated standard error of 3.0. The derivatives are 0.0076 at age 50, 0.0109 at age 60, 0.0157 at age 75, and 0.0221 at age 95.7
These pooling results are not sensitive to the exclusion of the 10,000 meters, 5K, 3OK, and 20 mile events. When the observations from these events are included in the pooling, the estimates of o2 and k, are 0.0069 and 48.3, respectively, and the derivatives at ages JO, 60, 75, and 95 are 0.0075, 0.0109, 0.0159, and 0.0227, respectively. 'Under the assumption that l t is normally distributed. which cannc~t be quite right because of the truncation issues, an F-test can be used to test the hypothesis that CC*. q, and k, are the same across the ten wents. There arc 27 restrictions, and the number of observations in the pa&d regres sion is 256. The Fnluc was 2.17. which compares with the critical value at the 1% level of 1.82, and so the hypothesis is rejected. Similar results were obtained when other se*i of events were used. The hypothesis that the mflidents are the same across the specified events was usually rejccte& although the computed F-values were usudiy "01 too much above the critical values. Cfl~e hmthesis that the coefficients are the mmc for MK and 20 miles was, however, not rejected 81 the 5% level.) I am not inclined m take these rejections as strong evidence agzdnst pooling. Tbe Eomputcd F-values were never taa fax from not rejecting the null hypothesis; the sample size is small relative to the number of restrictiow and there scans to be no compelling reason for believing that the coefficients change acmss the particular events, especially since no systematic patterns across the ten events were evident when the aqua-(ions were estimated individually.
These estimates are very close to the estimates presented in table 1 when the four events are excluded.
Consider now the 100 meter, 200 meter, 3OK, 20 mile, and marathon events. For 100 meters the results indicate that the rate of slowdown is smaller than it is for the other events. The estimated age at which the quadratic takes over is similar for 100 meters versus the pried sample (46.5 versus 47.71, but the sizes of the derivatives are smaller. For example, at age 60 the slowdown rate is 0.0083 compared to 0.0109 for the pooled sample. At age 95 the rate is 0.017s compared to 0.0221 for the pooled sample.
The results for 200 meters are quite different from the rest. Tbe estimated age at which the quadratic takes over is 65.8, which is much higher than the other estimates. Also, the estimate of n, is much larger, which means that once the quadratic takes over, the estimated increase in the slowdown rate is larger than it is for the other events. The derivatives at age 60 are similar for 100 and 200 meters, but the derivative is noticeably larger at age 75 for 200 meters and considcrably larger at age 95 (0.0403 versus 0.0175). Because the 200 meter results stand out as being much different from the rest-both from the 100 meter results and from the results for 400 meters and above-they should be interpreted with considerable caution. It seems likely, for example, that the increase in the slowdown rate after age 64 has been overestimated.
Given that the results for 30K and 20 miles are similar to each other and differ somewhat from the rest, it is of interest to pool the two events. The results of thii pooling are presented in line 19 in table 1. Comparing lines 18 and 19, it can be seen that the estimated slowdown rate for 30K and 20 miles is lower at the younger ages and higher at the older ages. Although nof shown in the table, the age at which the slowdown rate becomes greater for 3OK and 20 miles is about 59. By age 95 the estimated slowdown rate is 0.0299 for 30K and 20 miles versus 0.0221 for rhe others.
The results for the marathon in line 17 continue the pattern of the estimated slowdown rate being lower at the younger ages and higher at the older ages. Although not shown in the table, the age at which the slowdown rate becomes greater for the marathon compared to the pooled events in line 18 is about 63. The estimated age at which 110 THE REVIEW OF ECONOMICS AND STATISTICS the quadratic takes over is 58.2, which is higher than all the other estimates except the one for 200 meters. The estimate of a2 is 0.0063, which means that until age 58 the estimated slowdown rate is constant at 0.63% per year. After age 58 the estimated slowdown rate picks up fairly rapidly (the estimate of crs is large), and by age 95 the derivative is by far the largest of any event at 0.0515. This derivative is even much larger than the derivative for the 30K and 20 mile events.
The differences between the marathon derivatives and the other derivatives at the older ages are large enough to make one question whether the marathon results should be trusted. There may be, however, more to the marathon than a mere 6.2 miles beyond 20 miles. Anyone who has nm the last 6.2 miles in a marathon can appreciate this. If there is an important nonlinearity in going from 20 miles to the marathon, one might expect there to be a more rapid increase in the rate of slowing down at older ages for the marathon. This is what the current results show, although the estimated size of the effects should be taken with considerable caution.
Frontier Estimates
The final estimates in table 1 were obtained using the frontier procedure. Results are presented for 100 meters, 200 meters, pooled 400 meters through the half marathon, pooled 30K and 20 miles, and the marathon. The results using the frontier procedure are quite similar to the other results. None of the comparisons and mnclusions discussed above are changed by the frontier results, although the results for 200 meters (line 21) are somewhat less utreme using the frontier method than they are using NL,S. The plots for 100 meters and 5000 meters show that the curvature for the quadratic is quite modest once the quadratic takes over. The plot for 5000 meters is quite typical of the events 400 meters through the half marathon. The quadratic FIGURE 3a.-Arsya.
(0) *ND Pa~mmo ( + ) ".,u,Es FOR 100 METERS nge for 200 meters does not begin until age 63, but after it begins the curvature is greater than that for 100 meters and 5ooO meters. This feature was discussed above. The curvature is much greater for the marathon once the quadratic takes over, which was also discussed above. The four plots in figore 3 give a good indication of the nature of the data and the type of fits that were obtained.
Estimating an Additional Linear Segment
As mentioned in section II, the main pooled equation (line 18 in table 1) was also estimated assuming hvo linear segments before the quadratic takes over. In this case two additional parameters are estimated, the slope of the second linear segment and the break point between the two linear segments. Thii added flexibility resulted in a very modest increase in fit-the standard error of the regression only fell from 0.02108 to 0.02063. The hvo estimated break points were 40.2 and 48.0, compared to the one break point of 47.7 in line 18. The estimated standard error of the first estimated break point was large, 17.5. The slope of the first linear segment was slightly larger than the slope of the second Bnear segment (0.0088 versus O&082), but the difference was not close to being statistically significant. The derivative at age 60 was 0.0112 compared to 0.0109 in line IS, and the derivative at age 95 was 0.0198 compared to 0.0221 in line 18. In short, the added flexibility made little difference. Tables   It is possible to use the coefficient estimates in  table 1 to estimate the ratio (denoted R,) of the lower bound time at a given age k to the best lower bound time regardless of age. To do this, one needs a starting point, which in the present case is a value for R,,. Given R,,, R, is R,,(l + D,,), where D, is the derivative at age k computed from the estimated equation (remember that the derivatives are in percentage terms). R,, is then R,(l + D,,) , and so on.
IV. Age-Graded
The inverse of R, is called an "age-factor" in Masters Age-Graded Tables (MAGT) , and tables of age-factors are presented in MAGT for various events. Although MAGT does not explain how the age-factors were arrived at, it is of interest to see how they compare to the age-factors computed in this study. Table 2 presents the implied values of R, (the inverse of the age-factors) from the table on page 24 in MAGT. These age-factors are for the 5K through half marathon events. The percentage changes in R, are also presented in table 2, along with the change in the percentage changes. These are the equivalent of the first and second derivatives of equation (4). Table 2 shows that the MAGT value of R, for age 35 is 1.02838. This means that MAGT has assumed that some loss in time has occurred by age 35 12.838% to be exact). Table 2 also presents values of R, implied by the estimates in line 22 in table 1. These are the estimates for the pooled events 400 meters through the half marathon, estimated by the frontier procedure. To make these values of R, cornparable to the MAGT values, the MAGT value of 1.02838 was used for R,, for the starting point. The derivatives from the equation and the changes in the derivatives are also presented in table 2.
Two interesting conclusions emerge from table 2. First, the MAGT derivatives are (with one exception) increasing with age, but the sizes of the increases are erratic. The derivatives from this study, on the other hand, are constant through age 47 (actually 47.7) and then change at a constant amount (0.00028) after that. This constant rate of change is, of course, doe to the use of the quadratic functional form. The erratic behavior of the change in the MAGT derivatives does not seem sensible. It seems unlikely, for example, that the derivative would change by 0.00033 at age 77,0.00003 at age 78.0.00050 at age 79, and O.OOOO4 at age 80. Nature is not generally like this. 
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The second conclusion is that the values of R, are always higher for the present study. By age 90 the value of R, is about 7% higher than the MAGT value. MAGT thus assumes that men slow down at a slower rate than seems warranted by the data. Table 3 presents five sets of values of R, implied by the present study. The values are based on the coefficient estimates in lines 20-24 in table 1, which were obtained using the frontier estimation procedure. The starting values of R, (at age 35) are taken from MAGT. The values of R, are presented through age 100, although the values for about age 83 and above are extrapolations beyond the end of the estimation range and should be interpreted with more caution.
As noted in section III, the 200 meter results are somewhat suspect. If the 200 meter results are ignored, table 3 shows that beginning with age 79 the values of R, increase with the length of the race. At age 90 the values are 1.6979 for 100 meters, 1.9704 for 400 meters through the half marathon, 2.2169 for 30K and 20 miles, and 2.8573 for the marathon. If the best marathon time is taken to be 2 hours and 6 minutes, the value of R, for the marathon implies that the best time for a 90 year old is 6 hours (2.8573 times 2 hours and 6 minutes). At age 100 the four values of R, are, respectively, 2.0265, 24076, 3.1398, and 5.1821 , although again these values are extrapolations way beyond the end of the estimation period.
Coming back to the MAGT values, although not shown in table 2, the MAGT value of R, at age 90 for 100 meters is 1.6736. This is again lower than the value of 1.6979 in table 3, although in this case the'values are quite close. The MAGT vaIuc of R, at age 90 for the marathon is 1.8171, which is considerably lower than the vahre of 28573 in table 3. The hfAGT values imply that the slowdown rates for the marathon are smaller than they are for the 5K through half marathon events, which is the opposite of what the empirical results seem to show and of what is presented in table 3. Using a best marathon time of 2 hours and 6 minutes, the MAGT value of 1.8171 for age 90 implies that the best time for a 90 year old is 3 hours and 49 minutes, which compares to the above estimate of 6 hours using the results in this study.
Use of Table 3 by Indiuiduals
The key assumption of this paper so far is that b, when plotted against k looks Iike that depicted in figure 2 from age k, on. An additional assumption is needed to justify the use of table 3 by a single individual. This assumption is that the difference in figure 1 between an individual's position on the horizontal axis and b, does not change as b, changes with age. If this assumption is true, it simply means that the individual's times are increasing at the same percentage rate as the record times are increasing. Obviously, injury or illness will increase one's distance from b,. Also, if average runners slow down at a different rate from elite runners, then the distance from b, for an average runner will be changing over time, thus making the results in table 3 unreliable. Finally, if prolonged running wean out parts of the body-the opposite of use-it-or-lose-it-then one's distance from b, will change over time as a function of how much past running has been done. This will also make the results in table 3 unreliable.
Given the assumption that one's distance from 6, in figure 1 is constant over time and given an estimate of one's best time ever in the event, the values of R, in table 3 can be used to compute one's projected times by age. Race officiaIs can also use the values to adjust each runner's time for his age.
V. Comparison to the VO,, Results
A common measure of aerobic capacity in physiology ui VOh,. It is well known that VO, declines with age, and it is of interest to see how this decline compares to the decline in running performance estimated in this study. There seems to be nothing in the physiological literature for VO,, that is equivalent to table 3, but there are some relevant results. Rogers et al. W90) report a decline of 4.1% in 7.5 years in master athletes whose average age at the start was 62. This is a yearly fall of 0.0054, which compares to 0.0115 in The agreement in this case from age 60 on is remarkable, although for ages 40 and 50 the estimated decline in table 3 is noticeably less than it is from the VOz_ regression. Also, estimates from the VOZmax regression for ages 50 and 60 are greater than the estimates from the two other studies reported above, and so the present comparisons are quite tentative. An interesting question for future work is whether the VOzmu results for the older ages (say 7.5 and above) can be used to help one estimate the slowdown rate at the older ages, where the small Nk problem is so severe.
VI. The Field Events
The small Nk problem is probably more serious for the field events than it is for the track and road racing events. This is particularly true for the shot put, discus throw, hammer throw, and javelin throw, where in many meets the weights of the relevant objects are less for older cotnpetitars. For this study only the results for the heaviest weights were used because these were the only results for which observations began at age 35.
The same procedure was followed for the field events as was followed for the other events. The log of the distance was used as the variable to be explained, and crz and a$ are now expected to be negative since distance falls with age.* Also, et is expected to be mostly negative rather than mostly positive, and the frontier estimates are based on trying to force all the estimated residuals to be non-positive rather than non negative. The estimation results are presented in table 4. The results for the high jump and triple jump are similar to each other. They are also similar to the results for the pooled sample in Line 18 in table 1, although the estimated slowdown rates are somewhat higher for the two field events. The estimated slowdown rates are considerably larger for the pole vault and the long jump, especially after the quadratic takes over at ages 64.1 and 74.0, respectively.
Sensible results using the quadratic specification could not be obtained for the other four field events-the throwing events. The relationship behveen r, and k appeared to be linear or close to linear up to about age 80, and there were not enough observations past age 80 to estimate the quadratic part with even moderate precision. There is, however, a remarkable similarity in results across the four throwing events when the linear specification is used. These results are presented in lines 5-8 in table 4. The estimates of a2 range only from -0.0273 to -0.0281. When the four events are pooled (line 9), the estimate of oz is -0.0278. This estimated slowdown rate is larger than the rates for the other four field events except for the pole vault and the long jump at the older ages. This estimated rate for the four throwing events seems relevant up to about age 80, but it should not be extrapolated beyond this. The data so far tell us little about what happens beyond age 80.
The frontier estimates for the first four field events and for the four throwing wents pooled are presented in lines lo-14 in table 4. As was the case for the track and road racing events, the differences between the NJ_S estimates and the frontier estimates are small, especiatly regarding the implied derivative values. The largest difference is for the high jump, where the estimate of k, is increased from 51.5 to 62.7 and the estimate of a5 is changed from -0.00015 to -0.00030. Even here, however, the effects on the derivatives are fairly small.
The implied values of Rk for the first four field events and for the four throwing events pooled are presented in table 5. Only values through age 80 are .presented for the four throwing events pooled, for reasons discussed above. The estimates in lines lo-14 in table 4 were used for these values, which are the estimates based on the frontier procedure. The values for R,, for each event were taken from MAGT.
Comparing tables 3 and 5, almost all the derivatives are larger in absolute value in table 5. Men seem to slow down faster in the field events than they do in the track and road racing events. The two exceptions to this are (1) the high jump and triple jump at the older ages, where the slowdown rates are not out of line with the rates for the pooled events in table 3, and (2) the marathon, where the slowdown rates at the older ages are high relative to the rates for the high jump, triple jump, and the throwing events. These hvo exceptions pertain only to ages beyond about 80, however, and it seems clear that for ages below 80 the slowdown rate is greater for the field events than it is for the running events.
V. Conclusion
Do the above results have anything to do with economics? As noted in the Introduction, policies on aging should take into account physical deterioration rates. Looking at the numbers in tabSe 3, 1 am struck by how small the deterioration rates are. For example, under the assumption that the estimates can be applied to a given individua1 and using the values of R, for the events 400 meters-half marathon, a man of 85 is on& 49% slower than he was at age 55 (1.8007 versus 12102). (Presumably the numbers are similar for women.) Table 3 may thus have something to say about policies on aging. In particular, it may be that societies have been too pessimistic about losses from aging for individuals who stay healthy and fit. Societies may have passed laws dealing with old people under incorrect assumptions. But then again it may be that the numbers in table 3 are only of interest to old runners as they run ever more slowly into the sunset.
